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ABSTRACT
Context. An accurate assessment of the Sun’s angular momentum (AM) loss rate is an independent constraint for models that describe
the rotation evolution of Sun-like stars.
Aims. In situ measurements of the solar wind taken by Parker Solar Probe (PSP), at radial distances of ∼28−55 R, are used to constrain
the solar wind AM-loss rate. For the first time with PSP, this includes a measurement of the alpha particle contribution.
Methods. The mechanical AM flux in the solar wind protons (core and beam), and alpha particles, was determined as well as the
transport of AM through stresses in the interplanetary magnetic field. The solar wind AM flux was averaged over three hour increments,
so that our findings more accurately represent the bulk flow.
Results. During the third and fourth perihelion passes of PSP, the alpha particles contain around a fifth of the mechanical AM flux in
the solar wind (the rest is carried by the protons). The proton beam is found to contain ∼10−50% of the proton AM flux. The sign of
the alpha particle AM flux is observed to correlate with the proton core. The slow wind has a positive AM flux (removing AM from
the Sun as expected), and the fast wind has a negative AM flux. As with previous works, the differential velocity between the alpha
particles and the proton core tends to be aligned with the interplanetary magnetic field.
Conclusions. In future, by utilising the trends in the alpha-proton differential velocity, it may be possible to estimate the alpha particle
contribution when only measurements of the proton core are available. Based on the observations from this work, the alpha particles
contribute an additional 10−20% to estimates of the solar wind AM-loss rate which consider only the proton and magnetic field
contributions. Additionally, the AM flux of the proton beam can be just as significant as the alpha particles, and so neither should be
neglected in future studies.
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1. Introduction
During their main sequence lifetimes, Sun-like stars host mag-
netised stellar winds which steadily remove angular momen-
tum (AM) causing their rotation periods to increase with age
(Lorenzo-Oliveira et al. 2019; Nascimento Jr et al. 2020). This
process is made more efficient by the presence of a large-scale
magnetic field, which transfers AM (stored in magnetic field
stresses) to the stellar wind particles (proton, alphas, etc.) as the
wind expands (Weber & Davis 1967; Mestel 1968). Therefore,
the AM-loss rates of these stars strongly depend on the stellar
magnetic field strength and geometry (Matt et al. 2012; Garraffo
et al. 2015; Réville et al. 2015; Pantolmos & Matt 2017; Finley &
Matt 2017, 2018), properties which are controlled by the stellar
dynamo (see review of Brun & Browning 2017) whose activity
is observed to depend strongly on stellar rotation (Wright et al.
2011; Wright & Drake 2016). A consequence of this activity-
rotation relation is the observed convergence of rotation periods
for Sun-like stars during the main sequence (Gallet & Bouvier
2013, 2015), such that for stars older than around 1Gyr there is
an approximate relationship between rotation period and stellar
age (e.g. Skumanich 1972).
This relationship between rotation and age is a valuable
tool in estimating stellar ages (“gyrochronology”, e.g. Barnes
2003) and, when combined with the activity-rotation relation,
provides information about the past, present, and future circum-
stellar environment experienced by exoplanets orbiting a given
star (Johnstone et al. 2015, 2020; Gallet et al. 2019). A simi-
lar manner of rotation period evolution is broadly observed for
stars with masses less than ∼1.3 M (low-mass stars), though
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the time taken to converge from an initial distribution of rota-
tion periods varies (Matt et al. 2015; Garraffo et al. 2018; Amard
et al. 2019). As the rotation periods of Sun-like stars (and
low-mass stars) can be estimated by monitoring their bright-
ness variations, as starspots and faculae rotate into and out of
view, their rotation-evolution has primarily been constrained by
observing open clusters with known ages (Agüeros et al. 2011;
Agüeros 2017; McQuillan et al. 2013; Núñez et al. 2015; Rebull
et al. 2016; Covey et al. 2016; Douglas et al. 2017; Curtis et al.
2019). However, the number of open clusters with ages between
2 and 10 Gyr is currently insufficient to constrain the rotation
period-age relationship (see review of Bouvier et al. 2014). Sub-
sequently, asteroseismology (a technique capable of determining
both the star’s age and rotation rate) has been used to measure the
rotation periods of 21 older main sequence stars (with ages from
1−10 Gyr), the results from which imply a weakened AM-loss
rate for stars at the age of, or older than, the Sun (van Saders et al.
2016; Metcalfe & Egeland 2019). In addition to these rotation
period observations, an estimate of the current solar AM-loss
rate can be used as an independent constraint on the rotation-age
relation for Sun-like stars near the solar age (see discussion in
Finley et al. 2018).
The solar wind AM-loss rate is difficult to constrain as
the tangential speed of the solar wind at 1au is a few km s−1
(Němeček et al. 2020), which is small compared to the average
radial wind speed of 400–600 km s−1. Despite this, attempts to
constrain the solar wind AM flux have been made in the past
(e.g. Lazarus & Goldstein 1971; Pizzo et al. 1983; Marsch &
Richter 1984; Finley et al. 2019). Though each of these stud-
ies suffered from uncertainty, either due to the precision of the
spacecraft pointing or the ability of the plasma instruments to
detect the small tangential flows. These uncertainties are less-
ened with Parker Solar Probe (PSP) which samples the solar
wind within 0.25 au, where the signal to noise on the tangential
wind speed measurements should be increased and the influence
of wind-stream interactions reduced. However, during its first
few encounters, PSP detected tangential solar wind speeds of up
to ∼50 km s−1 (Kasper et al. 2019). These speeds are far greater
than expected from magnetohydrodynamic (MHD) modelling
(e.g. Réville et al. 2020) and, if they were prevalent through-
out the corona, would be incompatible with the AM-loss rate
implied by the slope of the rotation-age relation. Finley et al.
(2020) analyse the data from the first two orbits of PSP and show
these flows to be localised, existing along with wind streams
that have large negative tangential speeds. Therefore, the aver-
age equatorial solar wind AM flux measured by PSP is similar
to observations from previous spacecraft. At present, the mech-
anism(s) that generate these large tangential solar wind speeds
have yet to be determined. One possibility is the motion or cir-
culation of open magnetic flux at the base of the wind (Crooker
et al. 2010; Fisk & Kasper 2020; Macneil et al. 2020), though
this is also not well understood.
During PSP’s first two perihelion passes (E01 and E02,
respectively), neither the Solar Probe Cup (SPC, Case et al.
2020) or the Solar Probe ANalysers (SPAN; Whittlesey et al.
2020; Livi et al. 2020) were able to confidently measure the prop-
erties of the alpha particles in the solar wind. Previously, Pizzo
et al. (1983) used Helios observations to show that the alpha par-
ticles contain a large negative contribution to the total AM flux
(see also Marsch & Richter 1984). Though, due to an error in
spacecraft pointing, the data from Helios required a significant
correction, and more recent measurements of the alpha particle
AM flux using the Wind spacecraft at 1au instead suggest a much
smaller (but still negative) contribution (Finley et al. 2019). As
the alpha particles carry roughly 15−40% of the linear momen-
tum in the solar wind, it is vital that their contribution to the
total solar wind AM flux is better understood in order to further
constrain the slope of the rotation-age relation for Sun-like stars.
In this work, we analyse more recent SPAN-Ion observations
from the third and fourth encounters of PSP (hereafter E03 and
E04), which we use to determine the mechanical AM flux of
both the solar wind protons and alpha particles. In addition, we
use observations of the interplanetary magnetic field (IMF) from
the FIELDS instrument suite (Bale et al. 2016) to evaluate the
magnetic field stresses, so that the total solar wind AM flux can
be determined. From the limited data available, we quantify the
significance of the alpha particle AM flux in comparison to that
of the protons and magnetic field stresses.
2. Data
2.1. Fitting
The SPAN-Ion instrument is an electrostatic analyser (ESA)
that measures three-dimensional velocity distribution functions
(VDFs) and is capable of distinguishing particle masses via time-
of-flight measurements. Three-dimensional counts spectra are
organised into 32 energy-per-charge by eight azimuthal angle by
eight polar angle bins. The 32 energy bins are logarithmically
spaced from 125 to 20 keV, the eight azimuthal angle bins each
have a width of 11.25◦, and the eight polar angle bins each have
an average width of 14.5◦. It takes 0.218 s to measure one com-
plete 3D distribution. Sixteen proton VDFs and 32 alpha VDFs
were summed together and stored in the L2 SF00 (proton) and
SF01 (alpha) SPAN-Ion data products at cadences of 6.99 and
13.98 s, respectively.
As of E04, a significant portion of the proton and alpha VDFs
are still obscured by the spacecraft’s heat shield and therefore lie
outside SPAN’s field of view (see Fig. 8 of Kasper et al. 2016).
This leads to truncation of the VDF and significant inaccuracies
in the y-components (in instrument coordinates) of the plasma
moments. Since the instrument y-axis is most closely aligned
with PSP’s tangential direction, this poses an obvious problem
when calculating the AM flux. To this end, we performed bi-
Maxwellian fits of the VDFs using the Levenberg-Marquardt
algorithm (Levenberg 1944; Marquadt 1963), in effect filling in
the blocked parts of the VDF. We parameterised a bi-Maxwellian
distribution with the functional form
f M(u) = n
( m
2π
) 3
2
√
R
T 3⊥
exp
− 12 m(u − u)2T⊥ {cos2 Θ(R − 1) + 1}
 ,
(1)
where n is the number density, u the mean velocity, T⊥ the per-
pendicular temperature, R = T⊥/T‖ the perpendicular to parallel
temperature ratio, and Θ the angle between u − u and the mag-
netic field direction B̂, so that cos Θ = (u − u) · B̂/|u − u|. For
the protons, we fitted a bi-Maxwellian to both core and beam
populations (denoted pc and pb, respectively),
fp(u) = f Mpc (u) + f
M
pb (u). (2)
We constrained the proton beam component’s velocity to lie
along the B̂ direction relative to the core, so that upb = upc + vdB̂,
where vd is the differential velocity between the core and beam.
There are thus ten free parameters that are fitted to the proton
VDF.
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2.2. Alpha channel contamination
The SF01 channel on SPAN-Ion should only contain alpha parti-
cles (as discriminated by time of flight measurements). However,
a small proportion (∼2−3%) of the protons were found to have
leaked into this channel, appearing as spurious counts at lower
energies, corresponding to the region of phase space occupied
by the proton VDF in the SF00 channel (please see Appendix A
for some discussion on this issue). When fitting to this SF01 data
product, we included a term that corresponds to the contaminant
protons, that is to say we fitted a function of the form
fSF01(u) = ε fp(u) + f Mα (u), (3)
where the first term corresponds to the spurious protons (and is
the same expression as in Eq. (2)), and the second term corre-
sponds to a bi-Maxwellian fit (Eq. (1)) to the true alpha particle
component. When fitting to these SF01 counts spectra, we did
not fit again to the mean velocity or parallel and perpendicular
temperatures of the proton core and beam components, rather
we took the computed values of v,T⊥, and T‖ from our fits to
the proton beam and core, leaving them fixed, and only fitted to
the overall scaling (parameterised as ε in the expression above).
It was checked that the contaminant protons did not have any
energy and angle dependence, and so fitting to an overall scaling
ε of the proton distribution was appropriate; ε thus represents
the fraction of protons from the SF00 channel leaking into SF01
channel. This gives us a total of seven free parameters which
are fitted to the alpha particle VDF (one for the effective con-
taminant density ε, and six for the bi-Maxwellian describing the
alpha particle distribution). An earlier method of measuring the
alpha particle parameters made an attempt to first subtract the
spurious protons before fitting (see Appendix A). However, we
feel that the above method of fitting to both the contaminant
protons and alpha particles at the same time, using fitted param-
eters from the SF00 channel, better accounts for overlap between
the proton and alpha distributions, especially in slow solar wind.
This is also important during the ubiquitous magnetic field rever-
sals or switchbacks observed so far by PSP (de Wit et al. 2020;
McManus et al. 2020), because the associated speed enhance-
ments in the protons causes greater overlap of the proton and
alpha VDFs in velocity space.
Finally, spacecraft motion was removed from the fitted pro-
ton and alpha parameters to obtain plasma velocities in RTN
coordinates. Fits were filtered for large residuals, or obviously
unphysical fitted parameters, and discarded as necessary. Previ-
ous studies of the solar AM-loss have focused on the proton core
population as it is thought to contain the majority of the pro-
ton AM flux, with the beam containing a small fraction of the
proton mass and momentum; though this is not always the case
(see Fig. 3 of Stansby et al. 2020). For this work, we include the
contribution of the beam in our calculation of the proton AM
flux.
2.3. Instrument pointing uncertainty
The determination of the solar wind AM-loss rate is a very sen-
sitive measurement, and, as pointed out by Pizzo et al. (1983),
highly contingent on how well an instrument’s pointing direc-
tion is known. Writing a generic angular momentum particle flux
term as FAM = rρvrvt = rρv2r tan φ, where ρ is particle density, r
is the radial distance, and vr and vt are the radial and tangential
speeds, respectively, with tan φ = vt/vr. Then the uncertainty in
FAM due to an uncertainty in azimuthal angle φ is approximately
given by δFAM = rρv2r δφ. An angular uncertainty δφ of 1
◦ is then
seen to yield an uncertainty in FAM of the order of previous esti-
mates of the solar wind AM flux. Any kind of systematic error
in δφ therefore poses a serious challenge to making a physically
meaningful angular momentum measurement.
The most restrictive constraints on instrument pointing direc-
tions on board PSP come from those required by the WISPR
instrument (Vourlidas et al. 2016) to achieve its science objec-
tives. WISPR’s pointing direction is required to be known to an
accuracy of 0.1◦ relative to its optical axis (John Wirzburger1,
2020, priv. comm.). In addition, the orientation of the spacecraft
relative to the Sun centre is even more tightly constrained; it must
be known to within 0.02◦ relative to the WISPR optical z-axis.
While such pointing direction constraints are not official science
requirements for the SPAN-Ion instrument in the same way that
they are for WISPR, the SPAN-Ion instrument team believes the
pointing uncertainty to be well below 1◦. Even supposing SPAN-
Ion pointing uncertainties were as much as two to three times
larger than WISPR’s, this would still constitute an acceptable
level of uncertainty allowing for meaningful measurements of
the solar wind AM flux to be made.
2.4. Observations
The proton density measured by SPAN-Ion is underestimated
in general compared to that measured by SPC, and so it needs
to be scaled up to match that of the SPC. A required scal-
ing up of the SPAN-Ion density is not unexpected because, of
the plasma moments measured by ESA-type instruments, den-
sity is the most difficult to measure accurately since it depends
most sensitively on instrumental parameters and calibration; this
instrumental dependence almost entirely drops out of the expres-
sions for higher order moments, so this is not true for velocity,
temperature, etc. An instrument malfunction during E03, how-
ever, meant that SPC densities were not available for most of this
encounter, and E04 was the first time in the mission that the core
of the proton VDF was more in SPAN-Ion’s field of view than
SPC’s, thus making SPC’s density measurements, in principle,
untrustworthy for most of the second half of E04 (as indicated by
the quality flag). Because of this, and the fact that SPC densities
are inter-calibrated with FIELDS quasi-thermal noise measure-
ments, we used SPAN-Ion fitted densities of protons and alpha
particles, scaled up by a factor of 1.25. The scaling factor should
not differ between protons and alpha particles since the depen-
dence on instrumental parameters is the same for both species.
Additionally, the proton tangential speeds observed by SPAN-
Ion and SPC were not always in agreement with one another, 1
the root cause of which remains under investigation. For trans-
parency, some comparison of the tangential wind speed in PSP’s
frame of reference is included in Appendix B. As SPAN-Ion
independently measures the tangential component of the flow,
whereas SPC measures something closer to the flow angle in the
plane of its detector plates, the velocities from SPAN-Ion were
used as they are thought to be more reliable.
During E03, observations from SPAN-Ion are available from
27 August 2019 to 8 September 2019, with perihelion at 35.7 R
occurring on 1 September. Similarly for E04, observations cover
23 January 2020 to 4 February 2020, with a perihelion at 27.9 R
(closer to the Sun by 7.8 R than E03) on 29 January. When
analysing quantities in this work, the data are averaged over
three-hour increments so that fluctuations, which are not rep-
resentative of the bulk solar wind flow, and noise are reduced.
Due to this averaging timescale, our choice of magnetic field
1 PSP Spacecraft System Engineer.
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Fig. 1. Summary of the proton core (red vertical ticks), proton beam (green crosses), and alpha particle (blue plus signs) properties. First row:
radial velocities and densities, which influence their mass fluxes in the second row. The particle mass fluxes, when combined with their respective
tangential wind speeds (shown in the third row), produce the AM fluxes in the fourth row. Top panels: the particle densities have the corresponding
symbol shapes, but are grey in colour and connected by thin coloured lines. Bottom panels: the magnetic stresses from Eq. (5) are shown with black
horizontal ticks in comparison to the particle AM fluxes. The time of perihelion during each orbit is highlighted with a green dotted vertical line.
Fast wind streams (F1 and F2) and slow wind streams (S1 and S2) are highlighted in orange and cyan, respectively.
data cadence from the FIELDS instrument suite has a negligi-
ble influence on our results, and so one-minute cadence data are
used. Any magnetic field measurements that were flagged by the
instrument team as being bad or problematic were removed.
3. Solar wind mass flux and angular momentum
flux during E03 and E04
As the solar wind particles remove AM at a rate proportional
to their mass flux multiplied by their tangential speeds, it is
informative to disentangle their relative abundance from the
amount of AM they transport per unit mass. Throughout most of
the E03 SPAN-Ion observations, PSP was immersed in relatively
fast and low density wind, until the last few days where the wind
speed decreased. The radial wind speed of both the protons and
alpha particles are shown in Fig. 1, along with their densities.
The mass flux (FM) of each particle species during this time were
evaluated using
r2FM = r2(ρpcvr,pc + ρpbvr,pb) + r2ραvr,α, (4)
which is the sum of the mass flux in the proton, and alpha par-
ticles multiplied by r2, corresponding to the flow of mass per
solid angle. Here, r is the radial distance of PSP from the Sun,
and the subscripts pc, pb, and α distinguish the proton core, pro-
ton beam, and alpha particle properties of density ρ, and radial
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Fig. 2. Trajectory of PSP in a rotating frame of reference with the Sun, which when data are available, is coloured by the AM flux in the protons
(core plus beam, top left), alpha particles (top right), magnetic stresses (bottom left), and their total (bottom right). Both the AM flux in the alpha
particles and that stored in the magnetic stresses were multiplied by three, so that they are visible in comparison to the scale of the proton AM
flux. In the background, the average magnetic field polarity observed by FIELDS over one hour intervals colours parker spiral field lines, which are
ballistically-mapped using the radial wind speed observed by SPC (as the data available from SPC cover a much longer time period than SPAN). A
fast wind stream (F1) and a slow wind stream (S1) are highlighted in orange and cyan, respectively. The bottom right panel is zoomed-out slightly
to show the extent of the observations in comparison to the system size.
wind speed vr. The mass flux in each term of Eq. (4) is displayed
in Fig. 1. During E03, the proton mass flux remained roughly
constant at ∼1.1 × 1011g s−1 steradian−1 (with the beam carry-
ing on average ∼31% of the proton mass flux), whilst the alpha
particle mass flux varied from 0.08−0.4 × 1011g s−1 steradian−1.
In the E04 SPAN-Ion observations, PSP encountered more var-
ied solar wind conditions than E03; this is also reflected in the
IMF polarity during E04. Initially PSP was immersed in fast
wind similar to that of E03, but then it transitioned into slower
and denser wind as PSP neared perihelion. Accordingly, the pro-
ton mass flux, as evaluated from Eq. (4), increased two-fold.
The alpha particle mass flux during E04 has some interesting
features, including a large decrease prior to perihelion.
Combining the observations from SPAN-Ion and FIELDS,
the solar wind AM flux (FAM) is evaluated as a sum of the
mechanical AM carried by the protons (FAM,p), and alpha par-
ticles (FAM,α), along with a term prescribing the transfer of AM
through magnetic field stresses (FAM,B). This is given by,
r2FAM = r2FAM,p + r2FAM,α + r2FAM,B,
= r3 sin θ(ρpcvr,pcvt,pc + ρpbvr,pbvt,pb) + r3 sin θραvr,αvt,α
− r3 sin θBtBr
4π
, (5)
where θ is its colatitude of PSP, vt denotes the tangential wind
speed of each particle, Br is the radial magnetic field strength,
and Bt is the tangential magnetic field strength. A factor of r2 is
included, similarly to the mass flux in Eq. (4), in order to remove
any dependence of the AM flux on radial distance. It is important
to note that this quantity is now the flow of AM per solid angle;
however, it continues to be referred to as an AM flux for sim-
plicity. The tangential wind speeds of each particle species are
shown in Fig. 1. The resulting solar wind AM flux carried by
each particle species during both E03 and E04 are shown in the
bottom panels of Fig. 1, and in the context of PSP’s location (in
the rotating frame of the Sun) in Figs. 2 and 3. It is important to
note that PSP’s latitude varies by a few degrees leading up to per-
ihelion (heliographic latitude of around −4◦), which is not shown
in Figs. 2 and 3. The structure of the IMF is depicted in the back-
ground by parker spiral magnetic field lines spaced an hour apart
along PSP’s trajectory, which were ballistically mapped from
PSP using the average radial wind speed observed by SPC and
coloured by the average polarity of Br from FIELDS. The lower
right panel of Fig. 2 indicates that during E03, PSP was broadly
connected to the same side (negative Br) of the heliospheric cur-
rent sheet (HCS). Whereas in Fig. 3, the polarity of the IMF is
much more variable, suggesting multiple crossings of the HCS.
This is reflected in the range of wind speeds PSP encountered
during E04, and the fluctuating abundances of the protons and
alpha particles.
As previously noted in Finley et al. (2020), the magnetic
stress term shows little variation compared to the proton AM
flux. Figure 1 shows that, in general, the proton core carries the
largest positive and negative AM fluxes, with the proton beam
and alpha particle contributions being much less – in large part
due to their lower abundance – and typically having the same
sign as the proton core. The proton beam has a similar behaviour
in velocity to the alpha particles, and a similar magnitude of mass
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Fig. 3. Same as Fig. 2, but now with data from E04.
Table 1. Average properties of the fast and slow wind streams.
Wind stream 〈vr,α − vr,pc〉 〈r2FM〉 〈r2FAM,p〉 〈r2FAM,α〉 〈r2FAM,B〉 〈r2FAM〉
[km s−1] [×1011g s−1 sterad−1] [×1030 erg sterad−1] [×1030 erg sterad−1] [×1030 erg sterad−1] [×1030 erg sterad−1]
F1 98 1.4 −0.38 −0.15 0.10 −0.43
S1 19 1.7 0.06 0.03 0.07 0.16
F2 82 1.1 −0.44 −0.10 0.09 −0.45
S2 −3 2.8 0.24 0.14 0.07 0.45
〈Fast〉 90 1.3 −0.40 −0.13 0.09 −0.44
〈Slow〉 4 2.5 0.18 0.11 0.07 0.36
flux; therefore, its contribution to the total AM flux is similar in
size to that of the alpha particles. However, it is worth noting that
the proton beam is the least well constrained component in the
fitting process, and so throughout this work the total proton AM
flux is favoured for comparison. The ratio of the alpha particle
AM flux to the total mechanical AM flux, that is to say both the
protons (core plus beam) and the alpha particles, is displayed as
a histogram in Fig. 4. Based on the observations from both E03
and E04, the alpha particles carry around 20% of the mechanical
AM in the solar wind (mean values of 19% in E03, and 23% in
E04). Their contribution can vary significantly up to 50−80%,
though there is a large number of observations with the alpha
particles carrying less than 10% of the total mechanical AM flux.
4. Behaviour of the alpha particle angular
momentum flux
4.1. Fast wind versus slow wind
During the combined observations of E03 and E04, PSP was
immersed in relatively fast wind (vr > 450 km s−1) more often
than slow wind. During each encounter, one fast and one slow
wind stream were identified (in orange and cyan, respectively)
in order to further examine trends in the alpha particle AM flux.
These time periods are highlighted and numbered in Figs. 1–4.
The averaged quantities from each stream are detailed in Table 1.
Figure 4 shows that there is no consistent trend in the ratio
of AM carried by the alpha particles (to the total mechanical
AM flux) between the fast and slow streams. On average, in the
two fast wind streams identified (F1 and F2), both the protons
and the alpha particles are observed to carry a negative AM
flux (i.e. adding AM to the Sun). The distribution of the radial
and tangential wind speeds of the protons and alpha particles
are shown in detail in Fig. 5. The average tangential speeds in
the fast wind are 〈vt,pc〉 = −12 km s−1, 〈vt,pb〉 = −26 km s−1, and
〈vt,α〉 = −26 km s−1. In contrast to this, the slow wind streams
(S1 and S2) appear to have a mostly positive AM flux in the
protons and alpha particles (i.e. removing AM from the Sun,
as expected). In this case, their average tangential speeds are
〈vt,pc〉 = 5 km s−1, 〈vt,pb〉 = −4 km s−1, and 〈vt,α〉 = 12 km s−1. In
either wind conditions, the magnetic stresses are roughly the
same and are a positive contribution to the total.
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Fig. 4. Frequency of observing a given ratio of the alpha particle AM
flux to the total mechanical AM flux (proton core, proton beam, and
alpha particles) in the solar wind during E03 (top) and E04 (bottom).
The average values from E03 and E04 are annotated and shown with red
dashed lines. The alpha particles carry around a fifth of the mechanical
AM flux in the solar wind.
It is unlikely that the fast wind carries a net negative AM
flux everywhere in the heliosphere, instead our observations are
likely influenced by the large spatial and/or temporal variations
in the equatorial AM flux (Finley et al. 2020). Although a recent
study of the solar wind at 1au by Němeček et al. (2020) was
able to show a similar correlation with the tangential speeds of
the fast and slow wind (see also Fig. 2 of Finley et al. 2019).
Therefore, we cannot rule out the possibility that this dichotomy
in AM fluxes (between fast and slow wind streams) exists more
generally in the equatorial solar wind. Once more data have
been collected by PSP, a statistical study of the AM flux carried
by the fast and slow wind could determine the validity of this
hypothesis. If this dichotomy were to exist, matching the large
AM flux differences between the fast and slow wind would be a
new observational constraint on models that aim to reproduce the
solar wind acceleration and propagation (e.g. Réville et al. 2020;
Shoda et al. 2020). Currently, the source(s) of these enhanced
tangential wind speeds remain unclear. As PSP moves closer to
the Sun, it becomes less likely that these features are a result of
wind-stream interactions, and so perhaps a mechanism nearer to
the base of the wind is responsible, such as the motion of open
magnetic flux in the photosphere (e.g. Fisk & Kasper 2020).
4.2. Alpha-proton differential velocity
The differential velocity between the alpha particles and the pro-
ton core (uα − upc) is observed to vary significantly between the
fast and slow wind streams studied in this work. In the fast wind
streams, the radial speed difference between the two particle
species is around 90 km s−1, whereas for the slow wind streams
it is closer to 5 km s−1. Previous observations of the solar wind
at various distances from the Sun have shown that uα − upc is
a function of wind speed, such that at low speeds the protons
and alpha particles have similar velocities (Marsch et al. 1982;
Neugebauer et al. 1996). At high speeds, uα − upc grows larger
and becomes increasingly aligned with the direction of the IMF
(Asbridge et al. 1976). Figure 5 shows the sampled velocity space
of the alpha particles and protons. Indeed the velocities of the
alpha particles and proton core in the slow wind are far more
similar than that of the fast wind. The average difference vector
for the fast and slow streams are over-plotted in black.
Figure 6 shows the direction of uα − upc in the RT-plane for
each three-hour average, along with the IMF direction (both of
which are around 10◦ from radial). The right panel of Fig. 6
shows the differential velocity vectors from the left panel with
respect to the IMF direction from the middle panel. Given the
relationship between the differential velocity and the IMF direc-
tion, it may be possible to infer the contribution of the alpha
particles to the solar wind AM flux by rewriting FAM,α as
r2FAM,α = r3 sin θ
(
ρα
ρpc
)
ρpc(vr,pc + δvαp,r)(vt,pc + δvαp,t), (6)
where δvαp,r and δvαp,t are the radial and tangential components
of the differential velocity vector uα − upc. Such that, given the
abundance ρα/ρpc and a relation for uα − upc based on more read-
ily observed parameters, for example uα − upc ≈ f (B, upc, ...), the
alpha particle AM flux could be estimated during times when
they are not directly observed. However, as only a small number
of observations are available at present, it is difficult to say how
reliable such a relationship for uα − upc would be. For F1 and F2,
the angle between uα − upc is more strongly aligned with the IMF
direction than during S1 and S2; this can easily be seen in the
right panel of Fig. 6. Though the larger range of angles observed
between uα − upc and the IMF during the slow wind streams is
likely a consequence of small fluctuations between the particle
speeds, including noise, as their velocity vectors are similar in
size due to the increased collisionality of the slow wind in com-
parison to the fast wind (see Alterman et al. 2018). We note that
the proton beam generally has a similar velocity distribution in
the R-T plane to that of the alpha particles2, and so when obser-
vations of the proton beam are available they too could be used
to reconstruct the alpha particle AM flux. Although fits to the
proton beam often carry higher uncertainties than for the proton
core (due to the smaller number of counts in that region of phase
space), and the proton beam population may not be present if the
proton distribution is close to being isotropic.
Consider the consequence of the differential velocity align-
ing with the IMF for a fast wind stream with a positive AM
flux in the proton core (which is not observed here, but likely
2 This is in part because the differential velocity between the proton
core and beam was previously constrained to lie along the magnetic
field direction (see Sect. 2.1).
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exists). For the differential velocity to be aligned with the IMF,
the alpha particles would have to take a smaller or negative tan-
gential velocity. Though this has yet to be observed by PSP, it
is capable of explaining previous observations from Helios in
which a positive AM flux in the proton core was observed with a
negative AM flux in the alpha particles (Pizzo et al. 1983). More-
over, as the differential velocity is observed to lessen as the solar
wind travels through interplanetary space (see Neugebauer et al.
1996), it is likely that AM is exchanged between the two species.
So this could explain the observations from Wind at 1 au, which
show the alpha particles to have a much smaller contribution
to the total AM flux (Finley et al. 2019). However, the mecha-
nism which produces the differential velocity between the alpha
particles and the proton core is still unknown.
5. Conclusion
Using data collected by the SPAN-Ion and FIELDS instruments
on-board PSP during its third and fourth closest approaches to
the Sun, the strength of the AM flux carried by the alpha particles
has been evaluated. Typically, the alpha particles host around a
fifth of the mechanical AM flux contained within the solar wind
particles, the rest is carried by the proton core and beam. Though
it is difficult to say if this result is representative of the globally-
averaged solar wind. The sign of the alpha particle flux closely
follows that of the proton core. The fast wind is observed to carry
a net negative AM flux, and the slow wind is found with a com-
parable but positive AM flux. However given the small number
of available observations, it is difficult to say if this dichotomy
is typical of the equatorial solar wind, or simply a reflection of
the variability of the solar wind AM flux (as discussed in Finley
et al. 2020).
For the data presented, there is a strong preference for the
differential velocity between the alpha particles and proton core
to be aligned with the IMF in the fast solar wind. For the slow
wind, the alpha particles and protons are observed to have more
similar velocities. This was previously observed with IMP 6 & 7
(Asbridge et al. 1976), Helios (Marsch et al. 1982), and Ulysses
(Neugebauer et al. 1996). The evolution of the differential veloc-
ity with radial distance likely explains some of the differences
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between previous observations from Helios (Pizzo et al. 1983)
and Wind (Finley et al. 2019). In future, trends in this quan-
tity could be used to constrain estimates of the AM flux in the
alpha particles when only the proton core is detected. Addition-
ally, the proton beam velocity is shown to be similar to that of
the alpha particles, so this too can be used to constrain the alpha
particle AM flux, though measurements of the proton beam are
typically more uncertain than the proton core. Interestingly, this
work suggests that the proton beam contains a similar magnitude
of AM flux to the alpha particles, and so the beam should also
be included in future estimations of the solar wind AM flux.
The average AM flux computed in this work would suggest
that the Sun is gaining AM (i.e. spinning up). However this
seems unrealistic and is more likely due to the following: (1)
PSP sampling only a small fraction of the equatorial wind, and
(2) PSP primarily sampling the fast solar wind which is more
often subject to dynamical interactions (i.e. deflections or com-
pression and rarefactions that generate a tangential flow in the
solar wind) than the slow wind (this can be seen in 1 au mea-
surements; e.g. Finley et al. 2019; Němeček et al. 2020). Using a
larger set of observations from PSP during its first two orbits
(E01 and E02), the solar wind AM-loss rate (in just the pro-
tons and magnetic field stresses) was previously estimated to be
2.6×1030 erg and 4.2×1030 erg, respectively (Finley et al. 2020).
Assuming the observed fraction of the mechanical AM flux in
the alpha particles is representative of the solar wind in gen-
eral, then this previous estimate can be re-evaluated to include
the alpha particle contribution by increasing the proton AM flux
by a quarter. As the ratio of the proton AM flux to magnetic
stresses varied between orbits, this leads to an increase in the
solar AM-loss rate of 12% for E01, and 19% for E02 (values of
2.9×1030 erg and 5.0×1030 erg, respectively). So despite includ-
ing the alpha particles, our estimate for the solar wind AM-loss
rate remains smaller than the value of 6.2 × 1030 erg expected
from a Skumanich (1972)-like rotation-age relation for Sun-like
stars (see Finley et al. 2018). Thus the slope of the rotation-age
relation at the age of the Sun is currently steeper in rotation-
evolution models than would be implied from observations of
the solar wind.
With the solar cycle progressing towards increased solar
activity, future works will be able to observe how the contribu-
tion of the alpha particles changes as their abundance increases
(Alterman et al. 2020). In addition, more frequent observations
of the solar wind by both PSP and Solar Orbiter (Müller et al.
2013, 2020; Zouganelis et al. 2020) will bring us closer to under-
standing the mechanisms that distribute the solar wind AM flux
across the protons, alpha particles, and magnetic field stresses.
Solar Orbiter will also be able to sample the AM flux away from
the solar equator, which will also help us to constrain the solar
AM-loss rate (as our current estimates rely on measurements of
just the equatorial AM flux).
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Appendix A: Alpha channel contamination
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Fig. A.1. Examples of counts versus energy per charge spectra during E03 (left plot) and E04 (right plot) from SPAN-Ion’s SF01 (alpha particle)
channel. Blue lines are the raw spectra, illustrating anomalous proton counts at low energies; dashed lines are SF00 proton counts scaled down to
match the height of the lower energy peak; and green lines represent the corrected counts after applying our subtraction method.
As mentioned in the text, SPAN-Ion’s SF01 channel contains
protons that have leaked in from the proton (SF00) channel. It
is thought that these are due to so-called stragglers, that is to
say protons that aberrantly lose energy when passing through the
ESA grids, thereby slowing down and getting counted as alpha
particles. Figure A.1 shows two snapshots, one from E03 and
one from E04, of counts versus energy per charge (or equiva-
lently, counts summed over the azimuthal and polar angles φ and
θ) in SPAN-Ion’s SF01 channel. The blue lines are the overall,
uncorrected counts. The dashed line overlaid is the SF00 proton
counts that were scaled down to match the height of the lower
energy peak in each instance. This clearly shows that the low
energy (∼1 keV) counts in the SF01 spectra are due to protons,
not alpha particles. There is nothing special about these times,
a low energy “shadow” of the proton distribution is always seen
in the SF01 channel. An earlier version of this work involved
first attempting to subtract the spurious protons, and then fit-
ting the remaining alpha counts to extract alpha parameters. The
method was as follows. We computed the ratio of counts between
the SF01 channel and the SF00 channel, and averaged this ratio
over a low energy region of phase space – in particular, over the
energy range from the lowest energy bin up to the energy bin one
below the location of the primary proton peak – where the SF01
counts can be assumed to be almost all protons. This fraction
of SF00 proton counts was then subtracted from the SF01 chan-
nel. We zeroed out counts at energies at or below the proton peak
and, in the case of any energy bins which then contained negative
counts after the subtraction, these were zeroed out as well. The
green lines in Fig. A.1 show the corrected counts, which we call
“SF0a”, after applying this procedure, to which a bi-Maxwellian
was then fit. The later method, as explained in the text and used
in the subsequent analysis, was to fit both the proton and alpha
parts of the SF01 spectra simultaneously, using our previously
fitted proton core and beam velocities and temperatures as input,
and to simply scale down the proton core and beam density as
required to get the best overall fit.
As can be seen from the two examples shown, the relative
impact of the protons in SF01 varies considerably, depending on
the abundance ratio nα/np, but also on the relative temperatures
and drift speeds of the two species (in the E04 example, the pro-
tons can be seen to contribute a density as large as the density
due to the alpha particles). In slow wind, where the differential
speed between the two species is slower, a subtraction method
can introduce larger artefacts in the alpha distributions due to
the greater overlap in velocity space. It is worth noting, however,
that our results did not significantly change at all between the two
methods, because we averaged over relatively long time intervals
(3 h).
Appendix B: Comparison of the tangential
velocities measured by SPC and SPAN-Ion
The tangential speed of the protons in the solar wind was mea-
sured by both SPC and SPAN-Ion during E03 and E04. SPC
suffered a technical failure part way through E03, and so only
a few days are available for comparison. Additionally, given the
substantial speed of PSP around the Sun in E04, the solar wind
was not reliably measured by SPC for a period around the closest
approach. Figure B.1 displays 30 min averages of the available
observations in the spacecraft frame of reference (XYZ, where
X = T, Y = –N, and Z = –R). The influence of the spacecraft’s
motion on this signal is shown by black lines in each panel.
The tangential wind speed vt was obtained by subtracting the
spacecraft’s motion from these vx observations. As can be seen
clearly during E04, SPC recovers a roughly constant vx between
−10 and −50 km s−1, unlike SPAN-Ion which produces values
much closer to the spacecraft motion, that is to say the tangen-
tial speed of the protons measured by SPAN-Ion is much smaller
than that of SPC. As SPAN-Ion independently fits vx, unlike SPC
which measures something closer to the solar wind flow angle,
we adopt values of vt from SPAN-Ion for the calculations in
this work. Additionally, using data from SPAN-Ion means that
the proton and alpha particle velocities are subject to the same
instrumental effects.
Despite the disagreement between SPC and SPAN-Ion dur-
ing perihelion, there are times when the two instruments observe
the same vx, for example from 2 February 2020 onward in E04.
Additionally, variations in vx were recovered well by both instru-
ments, for example from 30 January to 1 February 2020. The
cause for the overall discrepancy in vx is currently unknown,
but as more data are accumulated by PSP a better understand-
ing of both instruments will be achieved. It is also important to
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Fig. B.1. Proton tangential speed as measured in the spacecraft frame (vx) during E03 and E04 with SPC (grey “+”) and SPAN (teal “x”). The
tangential speed of PSP with respect to the flow (which must be subtracted from vx to recover vt) is shown with a black line. The difference between
the black line and the measured vx is the tangential speed vt, as shown in the example.
recall that the fits to SPAN-Ion data are performed on an incom-
plete VDF (see Sect. 2.1), therefore it is not currently possible to
determine which instrument is measuring the flow correctly. At
present, this comparison can only be performed with data from
E04, and so it is difficult to say how this disparity influences
previous results from E01-E03, which also have a different orbit
to E04. Although, the limited data from E03 suggests a similar
departure between the two instruments on-board PSP.
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